We report on the controlled growth of novel self-assembled nanostructures (nanoaeroplanes, nanocombs, and tetrapod-like networks of zinc oxide) by a simple thermal evaporation technique in a single-stage furnace. Scanning electron microscopy and transmission electron microscopy are used to investigate their morphologies and structures. Shapes are regular and unit sizes vary from 80 nm to 5 µm. The relationship between the preparation conditions and the nanomorphologies in the experiments is helpful for controlling the physical properties of the nanosystems and, hence, is described in some detail. A possible growth mechanism is discussed.
Introduction
Much effort has been devoted to the properties of semiconductor nanomaterials because the special geometry and strong confinement of these nanostructures on electrons, holes and photons make them attractive for potential use in fabricating nanometre-scale electronic and optoelectronic devices. Among these materials, zinc oxide, a wide band gap (3.37 eV) semiconductor with large exciton binding energy (60 meV), has been the main subject of recent studies since its superior optical properties make it an excellent material for important applications, including optical waveguides [1, 2] , transparent conducting coatings [3] , acousto-optical devices [4] and surface acoustic wave transducers [5] . During the past few years, much effort has been devoted to controlling the size and shape of inorganic nanostructures, because these parameters represent the key factors that determine their physical properties, particularly optical and electrical properties [6, 7] . As a result, many methods have been developed to produce ZnO nanostructures with various morphologies, such as nanowires [8] [9] [10] [11] [12] , nanobelts [13] [14] [15] , nanobridges [16] , nanocantilevers [17] and hierarchical nanostructures [18] . 3 Author to whom any correspondence should be addressed.
In this paper, we report the successful fabrication of three types of novel ZnO nanostructures (nanoaeroplanes, tetrapodlike networks and nanocombs), using a simple thermal evaporation method. The influence of preparation conditions on the morphologies of ZnO nanostructures are presented, and possible growth mechanisms are discussed. These novel ZnO nanostructures may have particular optical or electrical application in the fabrication of the nanodevices in future due to their special morphologies.
Experimental details
The ZnO nanostructures in these experiments were grown in previous work by a simple vapour evaporation method developed in our laboratory [19] . The only difference in our description of the method is that, in the present paper, site A and B refer to the upstream of the mixed gases flow and the centre of the furnace, respectively. A quartz boat with highpurity Zn powder (99.99%) was placed in the quartz tube at site A. When the temperature of the central region (site B) reached 800-1000
• C, the quartz boat was transferred from site A to B rapidly and kept there for 5-30 min. For ZnO nanoaeroplanes, the vessel with Zn powder was placed at site A and the quartz foil was placed above the vessel. After the temperature of the furnace was rapidly increased to 800
• C, the vessel was transferred into the reaction region B and kept for 30 min in an atmosphere of argon and oxygen gas. To produce nanocombs, the quartz boat was placed at site B through all the processes. The detailed growth conditions of these nanostructures are shown in table 1.
A field-emission type scanning electron microscope (XL-SFEG, FEI Corp.) was used to observe the morphologies of the ZnO nanostructures. Transmission electron microscopy (Tecnai-20, PHILIPS) and high-resolution transmission electron microscopy (Tecnai F20, FEI Corp.) were used to obtain low-resolution and high-resolution images of ZnO nanostructures, respectively.
Results and discussion
In previous work, large areas of aligned ZnO nanowires and nanorods were synthesized by the thermal evaporation and condensation method [20] . It was found that novel ZnO nanostructures, such as nanoaeroplanes, tetrapod-like networks and nanocombs could be obtained by varying the experimental conditions. SEM and TEM images of the nanoaeroplanes are shown in figure 1. These novel structures are called nanoaeroplanes because their shapes resemble the classic triangular folded paper aeroplane. Figure 1 (A) is an overall SEM image of many nanoaeroplanes with sizes ranging from 1 to 5 µm. It can be seen that the morphologies of the nanoaeroplanes are uniform, and no other ZnO shapes are observed in this sample. The typical morphology of a nanoaeroplane is shown in figure 1 (B). Every nanoaeroplane is composed of three 'wings' having a common axis, and a ZnO nanowire with diameter of 100-200 nm extending out from the 'nose'. From figure 1(B) , it can be given that the thickness of the wing is about 50 nm and the three wings distribute on the common axis. Figure 1 (C) provides a TEM image of a nanoaeroplane, and we can see that all the wings' faces are smooth and the angle between adjacent wing planes is estimated about 120
• . We suggest that the zinc oxide tetrapod nanostructure is formed in the initial growth stage of the nanoaeroplane. Moreover it is known to us all that [0001] is the fastest growth direction in the formation of a ZnO nanostructure, including the tetrapod structure, and it does well in zinc oxide nanoaeroplanes. So we speculate that the angle 120
• between the adjacent wings in the ZnO nanoaeroplane is as equal as that of the adjacent legs in the tetrapod structure according to its growth model [21] . The selected area electron diffraction (SAED) pattern (in the inset of figure 1(C)) from one wing of a nanoaeroplane shows that the triangle wing grew along [0001] as tetrapod-like ZnO nanostructures. The other two wings have the same SAED patterns. No splitting of the diffraction spots has been found here, which suggests that every wing of the nanoaeroplane exhibits a perfect single crystalline structure. Figure 1(D) is a high resolution transmission electron microscopy (HRTEM) image taken from a wing of a nanoaeroplane, which shows the perfect lattice structure of the nanoaeroplane and confirms that the ZnO nanoaeroplane is a wurtzite structure with lattice constants of a = 0.324 nm and c = 0.519 nm. ZnO tetrapod-like networks have also been grown successfully by varying the growth conditions. Typical SEM images of the grown samples are shown in figure 2. In the low magnification SEM images shown in figures 2(A) and (B), it can be seen that these tetrapod-like networks are composed of many tangled ZnO nanotetrapods. The leg length of each nanotetrapod unit is about 1-5 µm and the size of the central nucleus is about 100-300 nm. The tetrapod-like nanostructures connect with each other by joining their legs together to form a ZnO network. To show the detailed structure, SEM and TEM images of two leg tips in the same ZnO nanotetrapod and the joint between adjacent ZnO nanotetrapods are shown in figures 2(C) and (D), respectively. It should be noted that on each leg of an individual nanotetrapod there are two detailed topographies. One is the helical nanocolumn structure close to the central nucleus, and the other is the periodic knot structure located at the leg tips. In this case, the sizes of the periodic knots decrease gradually from 200 to 100 nm along the legs, outward from the central nucleus. This is different from the joint, which connects the adjacent nanotetrapods and is composed of many knots with the same size, as shown in figure 2(D) . Zinc oxide nanocombs have also been successfully synthesized by continuing to adjust the ratio of argon to oxygen gas and the speed of the reaction. The SEM morphologies of the ZnO nanocombs are shown in figure 3 . Figure 3(A) is a low magnification image of a large area of nanocombs deposited on the surface of quartz foil. The typical morphology of an individual nanocomb is shown in figure 3(B) . From figure 3(B) we can see that each comb is composed of a big stem and many nanowire branches. The stem is about 500 nm in diameter (the inset in figure 3(B) ) and has a hexagonal cross section. Nanowires with the same length exhibit a periodic arrangement on the same side of the stem. Every nanowire has a uniform diameter of about 40 nm and a length of about 1 µm. A TEM image of a nanocomb is shown in figure 3(C), and figure 3(D) shows a typical SAED pattern of a nanowire on the comb. The SAED result indicates that these wires display perfect single crystalline structure. The diffraction spots of these nanowires have the same [0001] orientation, which is in agreement with previous reports [8] [9] [10] [11] [12] .
In the growth process of the ZnO nanoaeroplane, we speculate that the tetrapod ZnO structures form first under the conditions of high O 2 content (in table 1) and high reaction temperature [21] . As the oxidation process continues, ZnO or ZnO x vapour is deposited on the four legs of the tetrapod structure along the easy axis [0001] . For the different facets of a tetrapod leg, the speed of ZnO or ZnO x deposition is not the same. The growth speed of the two facets parallel to the wing of the nanoaeroplane is the fastest possibly because these facets have more chance to absorb the ZnO or ZnO x vapour than other facets. Maybe these two facets have more dislocations than other facets, which can benefit the nucleation of ZnO or ZnO x vapour. Just like the tetrapod-like structures, the growth ends of the nanoaeroplane turn thinner and thinner. With the growth proceeding, the two facets parallel to the wing become bigger and bigger, and the wings of the nanoaeroplane come into being. That is to say, the growth plane of two legs of tetrapod-like ZnO nanostructure connect together gradually to form one wing of the aeroplane. Thus, the four legs of the tetrapod-like ZnO nanostructure turn into the three wings of the nanoaeroplane. Finally, all the three wings of the aeroplane form around [0001] , and the nanoaeroplane forms. The growth mechanism of the nanoaeroplanes and nanotetrapods is suggested to be the VS mechanism, which is given in [21] . However, the growth mechanism of the ZnO networks may well be due to the vapour-liquid-solid (VLS) mechanism [22] , which originates from the self-catalyzing effect of Zn or ZnO x clusters as reported in [17] . The possible growth procedure for typical ZnO tetrapod-like networks is as follows. The Zn powder changes into Zn vapour during the evaporation period and forms Zn or ZnO x liquid droplets as the nucleus of the ZnO networks first. Then a solid ZnO particle separates from the droplets as well as the local enrichment in ZnO, and grows along four [0001] directions. During the growth process, the tops of the tetrapod-like unit become thinner and thinner. But when a critical size (about 200 nm, which can be estimated from figure 2(C)) is reached, the periodic knot structure of the ZnO unit tends to come into being, possibly because the nanowire structure is the most stable structure [23] in this size. The knot period continues to extend until it touches that of another tetrapod, then a joint connecting the two tetrapods forms. It should be noted that although these ZnO knots display periodic structures, there are small differences among them, such as diameters and lengths, which can be attributed to the variation of experimental conditions (such as temperature, and the flow rate of Ar or O 2 ) during the growth procedure. For ZnO nanocombs, the growth mechanism of nanocombs can also be due to the vapour-solid (VS) model.
Conclusions
From all the above experimental results, it can be seen that the ratio of source gases and the speed of oxidation are essential to the growth of each of these morphologies of zinc oxide, which can further reveal the properties of the zinc oxide molecule itself. By controlling the growth conditions, three novel morphologies of ZnO nanostructures (nanocombs, tetrapodlike networks and nanoaeroplanes) have been obtained. Their crystalline nanostructures are characterized by SEM and TEM. The HRTEM image shows perfect single crystalline structure in each branch of the nanoaeroplanes. The possible growth mechanisms of these nanostructures are discussed, which needs to be detailed and confirmed in further studies. These novel ZnO nanostructures could be applied in numerous fields since their special structures may exhibit particular optical and electrical properties. This successful controlled growth of selfassembled nanostructures can provide helpful information for constructing nanoelectronic devices.
